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ABSTRACT For centuries, cholera has been one of the most feared diseases. The causative agent Vibrio cholerae is a waterborne
Gram-negative enteric pathogen eliciting a severe watery diarrheal disease. In October 2010, the seventh pandemic reached
Haiti, a country that had not experienced cholera for more than a century. By using whole-genome sequence typing andmapping
strategies of 116 serotype O1 strains from global sources, including 44 Haitian genomes, we present a detailed reconstructed evo-
lutionary history of the seventh pandemic with a focus on the Haitian outbreak. We catalogued subtle genomic alterations at the
nucleotide level in the genome core and architectural rearrangements fromwhole-genomemap comparisons. Isolates closely
related to the Haitian isolates caused several recent outbreaks in southern Asia. This study provides evidence for a single-source
introduction of cholera fromNepal into Haiti followed by rapid, extensive, and continued clonal expansion. The phylogeo-
graphic patterns in both southern Asia and Haiti argue for the rapid dissemination of V. cholerae across the landscape necessi-
tating real-time surveillance efforts to complement the whole-genome epidemiological analysis. As eradication efforts move for-
ward, phylogeographic knowledge will be important for identifying persistent sources andmonitoring success at regional levels.
The results of molecular and epidemiological analyses of this outbreak suggest that an indigenous Haitian source of V. cholerae
is unlikely and that an indigenous source has not contributed to the genomic evolution of this clade.
IMPORTANCE In this genomic epidemiology study, we have applied high-resolution whole-genome-based sequence typing meth-
odologies on a comprehensive set of genome sequences that have become available in the aftermath of the Haitian cholera epi-
demic. These sequence resources enabled us to reassess the degree of genomic heterogeneity within the Vibrio choleraeO1 sero-
type and to refine boundaries and evolutionary relationships. The established phylogenomic framework showed how outbreak
isolates fit into the global phylogeographic patterns compared to a comprehensive globally and temporally diverse strain collec-
tion and provides strong molecular evidence that points to a nonindigenous source of the 2010 Haitian cholera outbreak and
refines epidemiological standards used in outbreak investigations for outbreak inclusion/exclusion following the concept of
genomic epidemiology. The generated phylogenomic data have major public health relevance in translating sequence-based in-
formation to assist in future diagnostic, epidemiological, surveillance, and forensic studies of cholera.
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Comparative whole-genome sequence studies have helped todelineate the origin, phylogeographic spread, and detailed
pathogenome evolution of past and present pandemic waves of
cholera (1, 2). In October 2010, for the first time in nearly a cen-
tury, Haiti was devastated by a cholera epidemic that garnered
worldwide attention. Both the public and research communities
debated the source (2). The outbreak began in the village ofMeille,
just south of Mirebalais (3, 4) in the Centre Department (5) of
Haiti (Fig. 1). The camp for the United Nations StabilizationMis-
sion in Haiti (MINUSTAH) was suspected of introducing Vibrio
cholerae into the watershed located in Meille by discharging sew-
age into a tributary of the Artibonite River (3, 4). Given that Haiti
had been free of cholera for more than a century, that Nepalese
soldiers had arrived in the camp in the preceding days, and that
V. cholerae is endemic in Nepal, the introduced strain was sus-
pected to be Nepalese in origin (3, 4). Molecular genotyping
added further support for this hypothesis (6, 7). The genomic
analysis of a Haitian outbreak strain indicated that the epidemic
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was caused by bacteria introduced into Haiti as a result of human
activity with the current seventh epidemic southern Asian type
V. cholerae isolate (8). Analyses based on larger andmore compre-
hensive genomic and epidemiological data sets allowed more
comprehensive assessment of genomic diversity and evolutionary
dynamics during and after the Haitian epidemic (9, 10). The re-
sults of these molecular and epidemiological investigations sup-
ported this initial hypothesis and pointed to a likely Nepalese or-
igin of theHaitian cholera pandemic that followed contamination
of the Artibonite River (3, 4, 7, 11). After the presentation of the
first case on 16 October, the outbreak quickly spread aroundMei-
lle and downstream to the Artibonite delta by 19October (3, 4). In
the lower Artibonite areas, 3,020 cholera cases were reported in
less than 48 h, sparking massive panic and flight of people out of
the affected areas and in turn, spread of the disease to other areas
(3, 4). A less severe outbreak occurred in Port-au-Prince after
patients arrived fromMirebalais, and even as the outbreak spread
to the southern part of the country, incidences and mortality was
significantly less in the Port-au-Prince metropolitan area where
health care and clean water were more readily accessible (12).
The 2010 Haitian epidemic provides a unique outbreak sce-
nario and opportunity to apply genomic analyses to study the
evolution and epidemiological spread of an outbreak following a
single-source introduction in a naive environment without the
confounding effects of other circulating clones of the V. cholerae
O1 serotype. To study the genomic plasticity and subtle polymor-
phic changes, we analyzed a comprehensive panel of 116 genome
sequences available in GenBank that encompasses (i) contempo-
rary outbreak isolates, (ii) recent and legacy reference strains to
place the current outbreaks into a historical context (1), and (iii)
isolates known to be phylogenetically related to the Haitian out-
break strains (Fig. 1; see Table S1 in the supplementalmaterial) (7,
9, 13). The use of whole-genome single-nucleotide polymorphism
(SNP) typing (WGST) of the conserved genomic backbone and
rigorous polymorphism discovery in the genome architecture of
these 116V. choleraeO1 isolates allowed the tracking ofV. cholerae
pathogenome evolution.
RESULTS
Discovery of polymorphisms.To investigate the phenotypic vari-
ations on the level of individual polymorphisms, we applied a
high-throughput bioinformatics pipeline for SNP discovery and
validation, taking into account the coverage and quality of the
consensus genome underlying sequence reads. To establish this
high-resolution phylogenomic framework, all genomes were sub-
jected to SNP discovery and subsequent manual in silico valida-
tion. Next-generation sequencing reads and assembled contigs
were mapped to the completed and high-qualityV. cholerae strain
N16961 genome sequence to detect high-quality SNPs. This anal-
ysis yielded a panel of 670 high-quality SNPs in theV. choleraeO1
core genome and was specifically developed to achieve high-
resolution evolutionary insights within the epidemic clade (see
Table S1 in the supplemental material). Identified SNPs are dis-
tributed stochastically on chromosome I (500 SNPs) and II (170
SNPs), without any indication ofmutational hot spots (see Fig. S1
and S2 in the supplemental material).
Phylogenetic analysis.Weused the identified SNPs andmeta-
data associatedwith each isolate to create a global phylogeny of the
FIG 1 Geographic and phylogenetic locations of Haitian strains. One of two equally parsimonious trees showing relationships among Haitian strains is shown
and is based upon 25 parsimony informative SNPs out of 71 total. Only one of the 25 SNPs is homoplastic, leading to a consistency index of 0.9615. The map is
adapted from reference 35. Strain locations not depicted in the geographical map are indicated by an asterisk.
Eppinger et al.
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O1 serotype and to calibrate amolecular clock (see Table S2 in the
supplementalmaterial). A phylogenetic reconstruction of the evo-
lutionary relationships among 116 V. cholerae strains was per-
formed using maximum parsimony analysis to understand the
dynamics of the Haitian outbreak and its phylogenetic position
within the seventh epidemic relatives (Fig. 2). Of the 670 core
genome SNPs analyzed, 330 were parsimony informative. The
limited homoplasy in these data with only 22 homoplastic SNPs
and a consistency index of 0.9651 is an indication of a highly
accurate tree of a clonal organism without intraclade lateral gene
transfer events (14, 15). A single tree is presented (Fig. 2), though
there were 20 equally parsimonious hypotheses for the evolution
of these strains. The phylogenetic ambiguity was restricted to only
a few areas of the tree, which can be seen in the consensus tree
shown in the supplementalmaterial (see Fig. S3 in the supplemen-
tal material).
AllHaitian isolates and threeNepalese isolates representing the
Nepal-4 subclade were contained in a monophyletic clade sup-
ported by 6 synapomorphic SNPs (Fig. 1 and Fig. 2, branch a).We
note here that the investigated Nepalese isolates (including
Nepal-4) were collected before the Nepalese peacekeepers were
deployed to Haiti, thus ruling out an export of this genotypic
profile from Haiti into Nepal (7). A single isolate from the neigh-
boring Dominican Republic (2011V-1021) falls within the Hai-
tian clade, indicating a likely spread of the epidemic clone
from Haiti into the neighboring country (Fig. 1 and Fig. 2; see
Table S1 in the supplemental material) (13). We identified 34
SNPs among the 45 Haitian strains; in most cases (n 27), these
were strain specific. The 7 remaining parsimony informative SNPs
provide evidence for phylogenetic substructure within these out-
break samples. Four Haitian subclades were identified, with the
largest containing 11 isolates and supported by 2 SNPs. Within
this subclade, there was no additional subpopulation structure, as
polymorphisms within this group were strain specific and limited
to only one genome. This limited phylogenetic structuring is ex-
pected in an outbreak situationwheremutations aremore likely to
be found in single genomes and before variant lineages go extinct.
Phylogeographic patterns are consistent with epidemiological re-
cords of the source and accounts of the spread of cholera around
Haiti. The first cases occurred in Mirebalais, Haiti; however, we
have no samples from that immediate region. Interestingly, the
basal Haitian genotype can be found only in samples from the
arrondissements surrounding Port-au-Prince, suggesting that pa-
tients fled the Mirebalais region to the capital city with higher
sanitation standards and health care facilities. Samples collected
from patients in areas far downstream in the Artibonite River
watershed and its delta showed evidence of genetic differentiation
from the source genotype. Isolates within each of the smaller sub-
clades were scattered around the country, indicating rapid move-
ment of infected persons out of the lower Artibonite River water-
shed. The molecular data are consistent with epidemiological
accounts of the dispersal of rice agricultural workers from the
Artibonite delta (Fig. 1) (3, 4).
The non-Haitian genomes from contemporaryV. cholerae iso-
lates mostly fell into well-supported monophyletic clades consis-
tent with current disease outbreaks. The numerous isolates in the
Bangladesh-1/Nepal-1, Bangladesh-2/Nepal-2, and Haitian/
Nepal-4 clades were notable. A smaller number of recent isolates
were also found in well-supported clades, with some examples
from disparate geographic locations (e.g., 2009/2010 from Zim-
babwe) (see Table S1 in the supplemental material), providing
other examples of dissemination outside southern Asia.
This 2010/2011 Haitian/Nepal-4 clade is nested inside another
well-supported (supported by 3 synapomorphic SNPs and found
in all 20 trees) monophyletic clade that also contains the two 2010
Nepal-3 isolates and three 2009/2010 Sri Lankan/Indian/Camer-
oonian isolates (Fig. 2, branch b). Phylogenetically, the closest
strains originate from Sri Lanka, India, and Cameroon and were
identified in a PulseNet study of 380 V. cholerae isolates for their
pulsed-field gel electrophoresis (PFGE) similarity to the Haitian
outbreak isolates (16). There were seven other isolates with iden-
tical PFGE patterns (13), but all are connected within a deeper
monophyletic clade usingWGST (Fig. 2, branch c). The PulseNet
database represents a broad survey from 27 countries, so these 11
isolates are representatives of a much larger set of V. cholerae iso-
lates. Their dispersed origins clearly show that this particular clade
(Fig. 2, branch c) has been disseminated to geographically distant
regions. It is notable that representatives of recent Bangladesh and
Nepalese outbreaks are closely related. The Bangladesh/Nepal-1
and -2 clades contain isolates from 2010, and both have very lim-
ited diversity. While the two countries’ isolates are phylogeneti-
cally distinct, they are also more closely related than strains from
the same locations isolated in different years, suggesting very rapid
dissemination. These data also allow inferences concerning the
ecological niches ofV. cholerae. Human andperhaps environmen-
tal movement of the pathogen must be occurring very quickly
within days, weeks, or months as opposed to years or decades. It is
interesting that several major clones are coexisting and circulating
across this southern Asian region.
BEAST analysis.The vertex component analysis (VCA)Bayes-
ian approach to phylogenetic analysis allowed us to estimate the
coalescence times to the most recent common ancestors (MRCA)
for the different clades. The MRCA dates for clades a to f are
shown in Fig. 2 along with their 95% confidence interval (95%
CI). As evident from the topology shown in Fig. 2, a small number
of recently (decades not centuries) derived clones seem to be dom-
inating the disease occurrence. The overall rate of SNP generation
in this phylogeny was 2.50 per year per genome, which is slightly
lower than the 3.3 value reported by Mutreja et al. (1). All recent
Nepalese andBangladesh strains share aMRCAwithin the last two
decades (17.4 years, branch e). The Haitian/Nepal-4 clade isolates
shared anMRCAof only 1 year (95%CI, 0.46 to 1.85 years) before
their isolation in 2010. This coalescence would certainly be in
southern Asia, as no cases of cholera were reported inHaiti during
this time period. This is again evidence for the rapid and extremely
long distance dissemination of the cholera pathogen prior to an
outbreak scenario. We also noted that the members of the indi-
vidual phylogenetic clades (e.g., including Nepal-1 to -3) are dis-
persed across significant distances in southern Asia and in other
countries, with the exception of the Haitian/Nepal-4 clade. The
three closely related Nepal-4 strains were differentiated from the
Haitian isolates by a single synapomorphic SNP, but theywere still
contained in the same monophyletic clade as all of the Haitian
isolates. Most of the isolates in the Haitian/Nepal-4 clade are the
sole representatives of their lineages, radiating out from a recent
common ancestor. Themonophyly and limited population struc-
ture of the Haitian/Nepal-4 clade strongly argue for a genetic bot-
tleneck (single introduction into Haiti) followed by a large popu-
lation expansion.
Genomic Investigation of the Haitian Cholera Outbreak
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Genomic heterogeneity in the integrative conjugative ele-
ment and ToxR-binding repeats. To assess the genome-wide
plasticity in the Haiti/Nepal-4 clade, we further analyzed differ-
ences in the overall genome architectures by comparing whole-
genome maps from representative isolates of the four Nepalese
subgroups to Haitian outbreak isolates and strains from concur-
rent, contemporary, and historic disease occurrences (see Fig. S4
and Table S1 in the supplemental material). The clustering topol-
ogy showed that all tested clinical and environmental O1 serotype
strains cluster in a single group apart from the non-O1/O139
strains and confirmed similarities of the Haitian/Nepal-4 clade
(Fig. S4).Within the Haitian epidemic, only very limited genomic
heterogeneity was observed among the strains, indicating their
clonal nature. Identified polymorphic loci are the toxin-linked
cryptic (TLC) element, mannose-sensitive hemagglutinin
(MSHA) pilus, tRNA regions, wbeT, rfb, and the integrative con-
jugative element ICE/SXT element (10, 17). The SXT/R391 type
element found in the Haitian epidemic strains introduces multi-
drug resistance against chloramphenicol (floR), streptomycin
(strBA), sulfamethoxazole (sul2), and trimethoprim (dfrA1) and
differs by only five SNPs from ICEVchInd5, first described in an
epidemicV. choleraeO1El Tor strain from India (17, 18) (Fig. S5).
Comparison of the gene inventory by Katz et al. (10) and our
whole-map comparisons of Nepalese genomes identified an
19,929-kb indel within the ICE encompassing 13 genes
(Vch1786_I0089 [mutL] to Vch1786_I0102 [traI]; Fig. S5). This
length variation can serve as a structural marker to further differ-
entiate the Haitian outbreak strains from Nepal-4. This finding is
indicative of a likely loss of this segment after divergence from the
common ancestor of the Haitian/Nepal-4 cluster and argues
against a direct evolutionary relationship of the Nepal-4 group to
the Haitian epidemic strains, while related Nepalese lineages 2
(VC6) and 3 (VC18) carry an intact SXT element (Fig. S5). Simi-
larities in the number of the 7-mer repeat (TTTTGAT) required
for binding of the global transcriptional regulator ToxR promot-
ing cholera toxin (CtxA/B) production support the close related-
ness ofHaitian toNepal-4 isolates (19). TheHaitian/Nepal-4 clus-
ter features five repeat copies, while four copies are found in
Nepal-2 (VC6) and -3 (VC18). Such an increased number of
ToxR-binding repeats has been associated with a more severe
form of cholera (20).
DISCUSSION
In the current postgenomics era, outbreak investigations have
transitioned from sequencing single archetypical outbreak strains
to examining large numbers of isolates for source determination
and understanding outbreak dynamics and evolution at a popu-
lation level. The 2010 Haitian cholera epidemic is one of the best-
studied and largest infectious disease outbreaks with thorough
associated epidemiological data, with more than 100 complete
clinical genomes and nearly as many reference isolates sequenced
in the aftermath of the epidemic (1, 5, 8, 9). High-resolution an-
alytical approaches catalogued subtle polymorphisms and geno-
typic (and phenotypic) heterogeneity among clinical strains de-
rived from the Haitian epidemic to resolve the relatively
genetically monomorphic O1 serotype (5, 7–9). In this study, we
placed the genomic and epidemiological patterns of the Haitian
outbreak into a phylogeographic context to better understand the
spread and persistence of the pathogen. As expected, genetic and
phylogenetic discriminatory power was lacking, as the narrow
timewindow inwhich isolateswere collected allowed for fewpoly-
morphisms and thus hindered our ability to differentiate isolates
and place them in a hierarchical model of evolution. Nonetheless,
our data confirmed a Nepali source of the outbreak (7) and pro-
vided additional evidence against the involvement of non-O1
strains and molecular evidence for patterns of geographic spread
within Haiti. Such phylogeographic information is essential for
linking the outbreak to its source, tracking and controlling its
spread and transmission, and for risk assessment delineated from
the carried virulence genotypes (21).
The phylogeographic patterns demonstrate the ability of this
pathogen to move quickly across the landscape on a global (me-
diated solely by human carriers) and local (mediated by rivers and
human carriers) scale. Closely related strains collected in different
years can often be found in different countries, demonstrating the
necessity of a robust contemporary global reference database with
genomic and epidemiological metadata for source attribution
(21). Our analyses suggest that the MRCA to the Haitian/Nepal-4
clade existed in Nepal, but the genotype did not change before
introduction into Haiti, causing this ancestral genotype to appear
in Haiti. This finding is consistent with the work of Hendriksen et
al. (7), but not Katz et al. (10), who placed the root along the
branch leading to the Nepal-4 clade. The existence of the ancestral
genotype in the Port-au-Prince area is suggestive of the environ-
mental source of the Haitian outbreak; however, epidemiological
evidence has established the village of Meille just south of Mirab-
alais as the Haitian source (12). Rather, the presence of this ances-
tral genotype in Port-au-Prince is indicative of the destination and
speed of the first cholera patients fleeing the Mirabalais region.
The general lack of hierarchical phylogenetic structuring is ex-
pected in an outbreak scenario where multiple variants can be
found before they ultimately go extinct. The fact that these vari-
ants were found throughout the country and even in neighboring
Dominican Republic is a testament to the speed and extent of
patient dispersal. This pattern of human mediated dispersal was
not limited to the onset of the outbreak, as phylogeographic pat-
terns showa lack of structuring evenwithin the two largestHaitian
subclades. Themobility of the humanpopulationmay continue to
complicate eradication efforts in the long term. The lack of addi-
tional genomic regions specific to the Haitian isolates and the lack
of conflicting phylogenetic signal (homoplasy) in both global and
Haitian/Nepal-4 phylogenies are indicative that horizontal gene
transfer probably plays no role in the evolution of this group of
V. cholerae. Indeed, Katz et al. (10) showed that Haitian isolates
are poorly transformable even in a laboratory, casting doubt on
the possibility that non-O1 V. cholerae may have contributed to
the evolution of this outbreak. This phylogenomic framework
FIG 2 Maximum parsimony tree of global V. cholerae O1 genomes. Comparisons of 116 genomes yielded 670 total SNPs of which 330 were parsimony
informative. The tree shown is one of 20 equally parsimonious trees with a consistency index of 0.9651. Trees were recovered using a heuristic search in PAUP
4.0b10. The outgroup used for rooting was identified as basal following a larger analysis that included diverse non-O1 strain genomes (see Table S1 in the
supplemental material). The branches (a to f) are arbitrarily labeled for discursive purposes; note the BEAST estimates for most recent common ancestors
(MRCA) including the 95% confidence interval.
Genomic Investigation of the Haitian Cholera Outbreak
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with high phylogenetic accuracy and resolution, coupled with the
growing genome database, lays the foundation for rapid assess-
ment of future outbreaks. These whole-genome-based analyses
have been remarkable in confirming epidemiological observa-
tions (1, 5, 7–9, 12) regarding the Nepali source of the outbreak
and the flight of persons throughout Haiti. Our ability to recon-
struct the source, spread, and evolution of this outbreak from
molecular data provides important confidence in the value of
these types of investigations for outbreaks where epidemiological
data are sparse.
MATERIALS AND METHODS
Whole-genome polymorphism discovery. (i)Whole-genomemapping.
Whole-genome maps of representative Nepal-4 (VC14 and VC26),
Nepal-3 (VC18), and Nepal-2 (VC6) strains were generated in support of
the comparative genome analysis of the draft assemblies of the Nepalese
isolates. Optical mapping facilitated the discovery of structural polymor-
phisms in the genome architectures compared to Haitian O1 outbreak
strains (maps HC20A2 andHC46A1) (see Table S1, Fig. S4, and Fig. S5 in
the supplemental material). Maps were prepared by OpGen, Gaithers-
burg, MD, USA. Briefly, following gentle lysis and dilution, high-
molecular-mass genomic DNA molecules were spread and immobilized
on derivatized glass slides and digested with NheI. The DNA digestions
were stained with YOYO-1 fluorescent dye and photographed using a
fluorescencemicroscope interfaced with a digital camera. Automated im-
age analysis software located, sized, and assembled the fragments from
multiple scans into whole-chromosome whole-genome maps.
(ii) SNP discovery. The genomes of all strains listed in Table S1 in the
supplemental material were subjected to SNP discovery. SNPs were iden-
tified both fromdiscovery in assembled contigs and/or read-based discov-
ery using strain N16961 as a reference. The Nepalese sequence reads de-
posited in the SRA archive were assembled to allow for contig-based
discovery. The SNP discovery and verification pipelines are implemented
in the Ergatis framework. Ergatis (3) is an open-source, web tool that is
used to create, run, and monitor reusable computational analysis pipe-
lines (http://ergatis.sourceforge.net). Ergatis is built on Workflow (4), an
extensible markup language (XML)-based pipelining system. Ergatis al-
lows the development of distributed pipelines to be run across a compu-
tational grid easily and efficiently. Software to support conversion of out-
put formats has been developed within the Ergatis framework. Genomic
regions with identities of more than 98% on chromosomes I and II were
excluded, and regions that were not conserved among strains were also
excluded from further analysis. The resulting SNP data set is then con-
verted to standard variant output format (variant call format [VCF]) for
further phylogenomic analysis.
(iii) Contig-based SNP discovery. The contig-based discovery mod-
ule uses (i) nucmer, delta-filter and show-snps distributedwith theMum-
mer package for reference-based SNP discovery with a minimum align-
ment threshold of90%; and (ii) kSNP, a k-mer algorithm analysis using
suffix arrays without the need of prior sequence alignment (22).
(iv) Read-based SNP discovery. The read-based discovery module
uses (i) the Java-based NGS variant calling tool SolSNP (http://sol-
snp.sourceforge.net/) that deploys Kolmogorov-Smirnov statistic and
data filtering to call variants on high-coverage aligned genomes (7) and
(ii) Burrows-Wheeler Aligner (BWA) for efficient gapped alignment al-
gorithm for short-read alignments (200 bp; bwa-short) and long-read
alignments (bwa-sw) (23, 24). Alignments are sorted and manipulated
with Picard, a Java-based set of utilities (http://picard.sourceforge.net),
and SAMtools have been used for SNP discovery (25). After BWA align-
ment and sorting with Picard tools, positions with a minimum base qual-
ity andmapping quality of 20were extracted and called only when 9 out of
10 bases showed the variant base with a minimum of 10 coverage.
(v) SNP verification and curation. Predictions from the contig-based
or read-based discovery modules in this study and published SNP panels
for V. cholerae were merged into a single SNP data set (7, 9). To build a
robust phylogeny, SNP regions that colocalized with known repeats
and/or mobile elements, such as phages or transposons, which evolve at
different rates, were excluded from further analysis, a strategy previously
used by our group for the typing of bacterial pathogens (26, 27). By de-
fault, 41 bp surrounding each predicted SNPpositionwere extracted from
the reference genome N16961 and searched against all query genomes
using a comprehensive all versus all BLASTN analysis (28, 29) to exclude
false-positive calls. BLAST alignments were then parsed and analyzed for
(i) alignment quality (full-length/partial) to correct for misalignments
(e.g., repetitive regions), (ii) prevalence of this sequence in the analyzed
query genomes (insufficient genome coverage and indels), (iii) number of
resulting hits in a query genome and excluded for ambiguous and/or
noncorresponding paralogous hits (unjoined contigs and genome dupli-
cations), and (iv) manual inspection.
(vi) Assessment of SNP quality and coverage. The bioinformatics
pipeline takes into account genome coverage and base quality for each
query genome for which underlying sequence reads are available. Reads
used in the assembly were aligned to the assembled genome and coverage
and average quality calculated for each base in the query genomes (see
Fig. S6 and S7 in the supplemental material). For Illumina assemblies
using Velvet, reads were aligned to the assembly using BWA, and quality
and coverage statistics were gathered after processing the alignment
throughmpileup (23, 24). For 454 or hybrid assemblies generatedwith the
Celera assembler, sets of reads were taken from the gatekeeper store pro-
duced during the assembly and processed as described for Illumina-
assembled genomes. The resulting quality and coverage scores were used
to assess the relative reliability of individual SNP predictions with queries
and to correct for false-positive results by applying a filter with cutoff
settings for coverage of50 and quality of25.
(vii) Phylogenetics. Maximum parsimony was used to generate the
phylogenetic hypothesis in Fig. 1 and S2 in the supplemental material and
the consensus tree from 80 equally parsimonious trees in Fig. S1.We used
the Phylogenetic Analysis Using Parsimony (PAUP 4.0b10) software (30)
to perform a heuristic search. Additional distantly related genomes of the
O1 serotype were used to establish that the eight genome groups (e.g.,
strain 116059) at the base of the tree were closely related but are phyloge-
netically positioned outside the genomes of interest (Table S1, outgroup).
These groups were then used as outgroups to root the tree and infer the
ancestral state of SNPs in the ingroup.
(viii) BEAST. Divergence date estimates were obtained using the
Bayesian Markov chain Monte Carlo framework implemented in the
BEAST 1.6.2 software package (31) using the general time reversible
(GTR)model of nucleotide evolution. Themolecular clock was calibrated
using the uncorrelated lognormal clock model (32), which allows rates to
vary on branches, and the Bayesian Skyline coalescent prior (33), which
minimizes model assumptions about demographic history. Three inde-
pendent chains were run for 40 million generations with sampling every
4,000 generations allowing 4million generations for burn-in. Propermix-
ing of chains and effective sample size (ESS)were assessed using Tracer 1.5
(34). Chains were then combined achieving an ESS greater than 200 for all
parameters. The nodes at the bases of the Nepal-4 and Haitian/Nepal-4
clades were specified in the model to ensure that these estimates were
properly sampled. The maximum clade credibility tree (see Fig. S1 in the
supplemental material) was constructed using Tree Annotator, which is
part of the BEAST software package. Nodes recovered with a posterior
probability of0.5 are annotated withmedian node heights (years before
2010).
Nucleotide sequence accession numbers. GenBank and/or SRA ac-
cessions and metadata of the V. cholerae genomes analyzed in this study
are listed in Table S1 in the supplemental material. Whole-genome se-
quences (WGS) of globally and temporally diverse collection of 116
V. cholerae O1 strains, including 44 strains from Haiti, were downloaded
as annotated consensus draft assemblies and/or raw reads from GenBank
and/or the Sequence Read Archive (SRA) repositories. Deposited se-
quence reads for Nepalese strains VC6, VC14, VC18, and VC26 were
Eppinger et al.
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downloaded from SRA and assembled to facilitate whole-genome map
comparisons (7).
SUPPLEMENTAL MATERIAL
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/lookup/suppl/doi:10.1128/mBio.01721-14/-/DCSupplemental.
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